To investigate the causes why pups of dams fed a low-fat high-carbohydrate diet (LFD) showed a strong preference for fat, three groups of dams were fed one of three diets during pregnancy and lactation: the LFD, a control diet (CTD) or a high-fat low-carbohydrate diet (HFD). After weaning, pups of each of the three groups were divided into two equal subgroups (Pair 1 and Pair 2), for a total of six pup subgroups. Each subgroup was placed on a two-choice diet program of the LFD and the HFD (Pair 1), or the LFD and a HFDLE (with cellulose added to maintain the same energy concentration as the LFD) (Pair 2), for 3 wk. Although the energy intake of dams fed the LFD during the nursing period was lower than that of the HFD group, no significant difference in body weight was observed among the three groups. At weaning, the body weight of pups nursed by dams fed the LFD was lower than that of the other groups. In Pair 1, the HFD intake ratio of the LFD and the HFD groups during the self-selection period was higher than that of the CTD group. In Pair 2, the HFDLE intake ratio of the LFD and the CTD groups was lower than that of the HFD group. At the end of the self-selection period, no significant difference in body weight was observed among the three groups of Pair 1. However, in Pair 2, the body weight of the LFD group was lower than that of the other groups. Therefore, it was supposed that pups of dams fed the LFD showed strong preference for the HFD containing high energy in order to achieve optimal growth. Key Words parental nutrition, self-selection, fat-feeding, weaning pups Nutritional conditions during pregnancy and lactation have a major role in the metabolic and hormonal interactions between the maternal body, the fetus and the suckling pup. Fetus and suckling pup growth is influenced by maternal nutritional conditions ( 1 ). Lipids are considered to be important as an energy-dense nutrient and as a source for essential fatty acids. Lipids play a functional role in fetal and suckling-pup development ( 2 ). Although the physiological factors contributing to fat diet self-selection are unknown, physiological hormones are maintained through a complex nutrient metabolic pathway regulated by hormones and the central nervous system ( 3-5 ).
Nutritional conditions during pregnancy and lactation have a major role in the metabolic and hormonal interactions between the maternal body, the fetus and the suckling pup. Fetus and suckling pup growth is influenced by maternal nutritional conditions ( 1 ) . Lipids are considered to be important as an energy-dense nutrient and as a source for essential fatty acids. Lipids play a functional role in fetal and suckling-pup development ( 2 ) . Although the physiological factors contributing to fat diet self-selection are unknown, physiological hormones are maintained through a complex nutrient metabolic pathway regulated by hormones and the central nervous system (3) (4) (5) .
Insulin and leptin are of particular importance in the long-term control of food intake and energy homeostasis ( 6 ) . Insulin is the controller of blood glucose levels and is secreted by ␤ cells of the pancreas as controlled by glucose levels ( 7 ) . Although glucose homeostasis may remain normal, both fasting and postprandial insulin concentrations tend to increase with age ( 8 ) . Leptin is produced by adipose tissue and has potent effects on body weight, food intake regulation and energy consumption through its receptors in the hypothalamus ( 9 ) . Vickers et al. suggested that prenatal exposure to maternal malnutrition leads to changes in the regulation of the insulin-leptin endocrine axes that appear to predispose offspring to diet-induced obesity ( 10 , 11 ) . It has also been shown that dietary fat quantity and quality affect plasma leptin concentrations in neonatal rats ( 12 , 13 ) . As this phenomenon takes place early in development, diets reducing insulinemia in early life may be beneficial to later life. It seems important to investigate the effect of dams' dietary fat type during pregnancy and lactation on spontaneous fat choice made by offspring and the relationship between their choice and plasma insulin and leptin concentration.
The large variations that exist in food choice, especially for fat preference, can be linked to animal strain, age, environment, genetic background, parental nutrition, feeding history and modifications of energy expenditure such as food deprivation and exercise (14) (15) (16) (17) (18) . We are particularly interested in examining whether dams' dietary fat types during pregnancy and lactation influence the preferential fat intake of their pups after weaning. We reported previously that three groups of dams were fed the low-fat high-carbohydrate diet (LFD), the control diet (CTD) or the high-fat low-carbohydrate diet (HFD) with added lard, during pregnancy and lactation, and when their pups were placed on a twochoice diet program consisting of the LFD and the HFD after weaning, the HFD intake ratio [HFD intake (g)/ total intake (g)] for pups nursed by dams fed the LFD or N AKASHIMA Y and S ATO A the HFD was significantly higher than that for pups nursed by dams fed the CTD ( 17 ) . We also reported previously that when three groups of pups nursed by dams fed the LFD, the CTD or the HFD were placed on a twochoice diet program consisting of a fat-protein diet (FPD) and a carbohydrate-protein diet (CPD) after weaning, the FPD intake ratio [FPD intake (g)/total intake (g)] for pups nursed by dams fed the LFD was significantly higher than that for pups nursed by dams fed the CTD and the HFD. As the fat energy ratio (F ratio) of pups nursed by dams fed the LFD was higher than that of AIN-93G ( 19 ) , it was assumed that the fat preference of pups nursed by dams fed the LFD is strong and not conditioned by the type of diet consumed by their dam.
Although the effect of maternal macronutrients on chronic disease in the offspring has been the topic of many studies, the precise causes are poorly understood. Thus, the purpose of this study is to clarify why the preferential fat intake of pups nursed by dams fed the LFD is stronger than that of pups nursed by dams fed the CTD or the HFD. The fat content and the energy density (kcal/g) of the HFD are higher than that of the LFD. We were particularly interested in examining whether pups nursed by dams fed the LFD would show strong preference for the fat or energy density of the HFD after weaning. In order to clarify we compared preference for the HFD and the HFDLE (with cellulose added to maintain the same energy concentration as the LFD) in pups nursed by dams fed the LFD. The pups were placed on a two-choice diet program consisting of the LFD and the HFD, and the LFD and the HFDLE after weaning. Body and fat tissue weights and plasma lipid and hormone concentrations were also measured and analyzed in relation to their regimen and their observed dietary preference.
METHODS
Animals and diets . Sperm-positive pregnant rats of Sprague-Dawley strain on day 3 of pregnancy (10 wkold) were commercially obtained from CLEA Japan, Inc. (Tokyo, Japan). They were housed individually in plastic cages with paper chip (ALPHA-DriTM, Shepherd Specialty Papers, Inc., Michigan) bedding. They were maintained in a room kept at a constant temperature (23 Ϯ 1˚C) and illuminated with a 12-h light/12-h dark cycle with lights on at 7:00 a.m. They had free access to food and water. They were weighed and food intake was measured every day between 10:00 a.m. and noon to determine daily intake during the experimental period.
The composition of the diets is shown in Table 1 . The CTD was based on the AIN-93G diet ( 19 ) . Basically, the amount of soybean-oil in the LFD was reduced to 1/2 that in the CTD, and lard (14%) was added to the HFD, substituting for cornstarch. The HFDLE was prepared by adding cellulose to the HFD to maintain the same metabolizable energy concentration as the LFD. Lard, soybean-oil and dietary components were obtained from the Oriental Yeast Co., Ltd. (Tokyo, Japan).
Experimental design . Twelve pregnant rats (on day 3 of pregnancy) were divided into three equal groups.
Each group received the LFD, the CTD or the HFD during pregnancy and lactation. Within 24 h of birth, litters were culled to 10 pups (5 males and 5 females) each and nursed by their dams for 21 d. At weaning, two pups (male and female) each from the litters of all dams were killed by decapitation and their blood collected. Perirenal fat tissue was removed and weighed.
After weaning, the remaining pups were housed individually. Pups nursed by dams fed the LFD, the CTD and the HFD were divided into two groups of equal size. One group each of pups nursed by dams fed the LFD, the CTD and the HFD was placed on a two-choice diet program in which they self-selected from two food cups, each containing either the LFD or the HFD (Pair 1). The other groups were provided both the LFD and the HFDLE, placed in separate cups (Pair 2). Dietary ingestion of both diets and body weight were measured every day. On day 21 after weaning, the self-selecting rats were sacrificed by decapitation. Dams were sacrificed immediately after their pups were weaned. They were anesthetized and killed by cardiac puncture. Blood was collected with a heparinized syringe. After centrifugation (3,000 rpm ϫ 30), plasma was removed, frozen immediately and stored at Ϫ 80˚C. Perirenal fat tissues were removed from dams and pups and weighed.
The studies were performed in accordance with the Animal Experimentation Guidelines of the Laboratory Animal Care Committee of Seitoku University.
Analytical methods . Triacylglycerol (TG), total-cholesterol (T-cho), insulin and leptin concentrations in plasma were measured using test kits (TG: Triglyceride E-test Wako, T-cho: Cholesterol E-test Wako, insulin: The composition of all ingredients is given in grams per 100 g of diet.
The mineral mixture and the vitamin mixture were based on the AIN-93G formulation ( 19 ) . HFDLE was prepared by adding cellulose to HFD to maintain the same metabolizable energy concentration as the LFD.
Rat Insulin ELISA Kit, leptin: Rat Leptin ELISA Kit) (Wako Pure Chemical Industries, Ltd., Osaka, Japan). Statistical analysis . Values are presented as individual group mean Ϯ SD. Comparison between groups was made by ANOVA (one-way ANOVA in Tables 2-5 , and two-way ANOVA in Figs. 1 and 2 ). Differences in values between groups were tested utilizing Scheffe's multiplerange test. Differences were considered significant at p Ͻ 0.05.
RESULTS

Food and energy intake by dams during pregnancy and lactation, and body and fat tissue weights, and plasma lipid and hormone concentrations in dams and their suckling pups
Food intake of dams fed the HFD during pregnancy was lower than that of dams fed the CTD and the LFD (Table 2 ) ( p Ͻ 0.05). No significant difference in energy intake was observed among these three groups. Energy intake of dams fed the HFD during lactation was the highest and that by dams fed the LTD was the lowest among three groups ( p Ͻ 0.05). No significant difference in body weight gain during the pregnancy and the nursing periods or final body weight was observed among these three groups. Perirenal fat tissue weight, and plasma TG, T-cho and leptin concentration was observed among these three groups. The plasma insulin concentration in dams fed the LFD was higher than that of the other two groups ( p Ͻ 0.05).
Litter size in the groups receiving the LFD, the CTD and the HFD was 13.8 Ϯ 2.6, 13.6 Ϯ 2.1 and 11.3 Ϯ 1.5, Values represent means Ϯ SD, n ϭ 4. Within each row, values not sharing a common superscript letter are significantly different at p Ͻ 0.05. Pregnancy period: from day 3 of pregnancy to delivery (on day 21 of pregnancy). Nursing period: from delivery to weaning (pups were weaned on day 21 of age). Body weight gain during pregnancy period: from day 3 of pregnancy to one day before delivery (on day 20 of pregnancy). Body weight gain during nursing period: from delivery to weaning (pups were weaned on day 21 of age). respectively. Within 24 h of birth, litters were weighed. The body weight of pups of dams fed the LFD, the CTD and the HFD was 7.0Ϯ0.4, 6.5Ϯ0.6 and 6.6Ϯ0.6 g, respectively. Therefore, maternal diets did not affect litter size nor did they affect the birth weight of pups. However, on day 21 after birth, the body weight of pups nursed by dams fed the LFD was significantly lower than that of pups nursed by dams fed the CTD and the HFD (Table 3 ) (pϽ0.05). The perirenal fat tissue weight of pups nursed by dams fed the LFD was the lowest and that of pups nursed by dams fed the HFD was the highest among the three groups (pϽ0.05). The plasma TG concentration of pups nursed by dams fed the LFD was the lowest and that of pups nursed by dams fed the HFD was the highest among three groups (pϽ0.05). However, no significant difference in plasma T-cho concentration was observed among the three groups. The plasma insulin concentration of pups nursed by dams fed the LFD was higher than that of the other two groups (pϽ0.05). The plasma leptin concentration of pups nursed by dams fed the LFD was the lowest and that of pups nursed by dams fed the HFD was the highest among three groups (pϽ0.05).
Food and energy intakes during the self-selection period by weaning pups nursed by dams fed the LFD, the CTD and the HFD
No significant difference in growth was observed between male and female suckling pups. However, as it is known that the growth of male pups is significantly larger than that of female pups after weaning (17, 18) , we showed data for male and female pups separately in Tables 4 and 5 and Figs. 1 and 2 . After weaning, pups in Pair 1 were provided both the LFD and the HFD, placed in separate cups. In male and female pups, the LFD intake of the CTD group was the highest and that of the HFD group was the lowest among the three groups. The HFD intake of the CTD group was lower than that of the other two groups (pϽ0.05) (Table 4) . Therefore, in male and female pups, the HFD intake ratio of the CTD group was lower than that of the other two groups (pϽ0.05). No significant difference in energy intake was observed among the three groups.
The HFD intake ratio of the LFD, the CTD and the HFD groups in Pair 1 is illustrated in Fig. 1 . In male and female pups, no significant difference in the HFD intake ratio was observed among the three groups within the first week of the self-selection period. Although no significant difference in the ratio of the LFD and the HFD groups was observed during the self-selection period, that of the CTD group decreased after the second week (pϽ0.05). Therefore, from the third week, the ratio of the CTD group was lower than that of the other two groups (pϽ0.05). Values represent meansϮSD, nϭ8. Within each row, values not sharing a common superscript letter are significantly different at pϽ0.05. The pups were weaned on day 21 of age. Immediately after weaning, male and female pups of dams fed the LFD, the CTD and the HFD were divided into two groups, each. One male and female subgroup (Pair 1) for each group pups nursed by dams fed the LFD, the CTD or the HFD were placed on a self-selection regimen of the LFD and the HFD, for 3 wk. The other groups (Pair 2) were placed on a self-selection regimen of the LFD and the HFDLE, for 3 wk.
After weaning, pups in Pair 2 were provided both the LFD and the HFDLE, placed in separate cups. In male and female pups, the LFD intake of the HFD group was lower than that of the other two groups (pϽ0.05) ( Table 4) . Although in male pups, the HFDLE intake of the HFD group was higher than that of the other two groups, in female pups, the HFDLE intake of the LFD group was the lowest and that of the HFD group was the highest among the three groups (pϽ0.05). In male and female pups, the HFDLE intake ratio of the HFD group was higher than that of the other two groups (pϽ0.05). In male pups, the energy intake of the LFD group was the lowest and that of the HFD group was the highest among the three groups. In female pups, no significant difference in energy intake was observed among the three groups.
The HFDLE intake ratio of the three groups in Pair 2 is illustrated in Fig. 2 . In male and female pups, no significant difference in the HFDLE intake ratio was observed among the three groups within the first week of the self-selection period. Although no significant difference in the ratio of the HFD groups was observed during the self-selection period that of the LFD and the CTD groups decreased after the second week (pϽ0.05). Values represent meansϮSD, nϭ8. Within each row, values not sharing a common superscript letter are significantly different at pϽ0.05. The pups were weaned on day 21 of age. Immediately after weaning, male and female pups of dams fed the LFD, the CTD and the HFD were divided into two groups each. One male and female subgroup (Pair 1) for each of pups nursed by dams fed the LFD, the CTD and the HFD were placed on a self-selection regimen of the LFD and the HFD. The other groups (Pair 2) were placed on a self-selection regimen of the LFD and the HFDLE.
Therefore, after the second week, the ratio of the HFD group was higher than that of the other two groups (pϽ0.05).
Body and perirenal fat tissue weights, and plasma lipid and hormone concentrations in weaning pups fed the two-choice diet of the LFD and the HFD, or the LFD and the HFDLE for 3 wk
In male and female pups of Pair 1, no significant difference in body and perirenal fat tissue weights was observed among the three groups. Although in male pups, the plasma TG concentration of the LFD group was the highest and that of the CTD was the lowest (pϽ0.05), in female pups, no significant difference in the concentration was observed among the three groups. In male and female pups, no significant difference in T-cho or insulin concentrations was observed among the three groups. Although in male pups, the plasma leptin concentration of the CTD group was lower than that of the other two groups (pϽ0.05), in female pups, no significant difference in the concentration was observed among the three groups.
In male and female pups of Pair 2, body weight of the LFD group was lower than that of the other groups (pϽ0.05). Although in male pups, perirenal fat tissue weight of the HFD group was higher than that of the other groups (pϽ0.05), in female pups, no significant difference in the weight was observed among the three groups. No significant difference in plasma TG, T-cho or insulin concentration was observed among the three groups. Although in male pups, the plasma leptin concentration of the HFD group was the highest and that of the CTD group was the lowest among the three groups (pϽ0.05), in female pups, no significant difference in the concentration was observed among the three groups.
DISCUSSION
Although no significant difference in energy intake during pregnancy was observed among the three groups, the energy intake of dams fed the LFD during the nursing period was lower than that of dams fed the HFD. It is likely that dams fed the LFD containing lowfat and low-energy could not consume the necessary energy during the nursing period. However, at the end of lactation, no significant difference in body or perirenal fat tissue weights of dams was observed among these three groups. Instead, at the end of the suckling period, body or perirenal fat tissue weights of pups nursed by dams fed the LFD were lower than that of pups nursed by dams fed the HFD.
However, the plasma insulin concentration in dams fed the LFD containing a high level of carbohydrate was higher than that of the other groups. There are many reports that insulin affects fatty acid synthesis by altering the gene expression of acetyl-CoA carboxylase in the rate-limiting step of fatty acid synthesis (20) (21) (22) and the increase in quantities of lipogenic enzymes in the liver are induced by a high carbohydrate diet (23) (24) (25) (26) . Therefore, it was assumed that the intake of the LFD increased the fatty acid synthesis in the liver. As the synthesized lipids in the liver were transferred to blood as VLDL, in this study, no significant difference in the plasma TG concentration was observed among the three groups. Although maternal diets did not affect litter size nor birth weight of pups, at the end of lactation, the body weight of suckling pups nursed by dams fed the LFD was lower than that of the other groups. The same phenomenon was observed in our previous paper (18) . We also reported in the previous paper that no clear difference in energy ratios (PFC ratio) in the stomach content of 8-d-old suckling pups was observed among the pups nursed by dams fed the LFD, the CTD or the HFD. Keen et al. reported that the F ratio in rat milk was about 70% and no clear change was observed in the PFC ratio in milk during the lactation period (27) . Del Prado et al. also observed that the F ratios of milk from rats fed a LFD (25 g/kg diet) and the HFD (200 g/kg diet) were about 74 and 76%, respectively (28) . Therefore, it was supposed that the body weight of suckling pups of dams fed the LFD was lower than that of the other groups due to the amount of milk consumed. The pups of dams fed the LFD consumed less milk than pups of the other groups.
Although the plasma TG concentration in suckling pups of dams fed the LFD was the lowest among the three groups, the plasma insulin concentration in pups of dams fed the LFD was higher than that of the other pup groups. One reason for this finding appeared to be that suckling pups were nibbling their dam's diet before weaning. Therefore, it was assumed that in suckling pups of dams fed the LFD, due to the consumption of the LFD containing high levels of carbohydrates, the plasma TG concentration was lower and the plasma insulin concentration was higher than that of the other groups.
In week 1 after weaning, three groups of male and female pups in Pair 1 were fed a large amount of the HFD (Fig. 1) . It thus appeared that all pups fed high-fat milk during the suckling period self-selected a large amount of the HFD immediately after weaning. As the HFD intake ratios were about 90%, F ratios were calculated to be about 39%. Although no significant difference appeared in the F ratio of male and female pups nursed by dams fed the LFD and the HFD during the self-selection period, that of the CTD group decreased by about 29% after 2 wk. Jean et al. performed a study in which pregnant Wistar dams were fed a standard pregnancy and breeding diet during pregnancy and lactation, and after weaning their pups received threemacronutrient-choice diets placed in separate cups (14) . The fat intake in the self-selecting pups fell for 3 wk after weaning, and reached a plateau from weeks 3 to 7 after weaning. Similarly, the F ratio of male and female pups nursed by dams fed the CTD in Pair 2 decreased from 33 to 20% (Fig. 2) .
However, after weaning, both groups of male and female pups nursed by dams fed the HFD in Pair 1 and Pair 2 had a strong preference for the HFD and the HFDLE, respectively. One reason for this finding appeared to be that the pups were nibbling their dam's diet before they were weaned. Nibbling the diet containing large amount of lard might have affected the pups' dietary preferences after weaning.
The HFD intake ratio of the LFD group in Pair 1 did not decrease after weaning and in male and female pups, the ratio of pups nursed by dams fed the LFD was higher than that of pups nursed by dams fed the CTD. On the other hand, the HFDLE intake ratio of the LFD group in Pair 2 decreased after weaning and in male and female pups, no significant difference in the ratio was observed between the pups nursed by dams fed the LFD and the CTD. In Pair 1, the body weight gain ratio [body weight gain during the self-selection period (g)/ body weight at weaning (g)] during the self-selection period of male pups nursed by dams fed the LFD, the CTD and the HFD was 4.0, 3.5 and 3.4, respectively, and that of female pups nursed by dams fed the LFD, the CTD and the HFD was 3.5, 3.0 and 2.9, respectively. Therefore, the body weight gain ratio of male and female pups nursed by dams fed the LFD was higher than that of the other groups and the body weight of male and female pups nursed by dams fed the LFD caught up with the other groups by the self-selection of the LFD and the HFD. In Pair 2, the body weight gain ratio during the self-selection period of male pups nursed by dams fed the LFD, the CTD and the HFD was 3.3, 3.4 and 3.3, respectively, and that of female pups nursed by dams fed the LFD, the CTD and the HFD was 2.8, 2.9 and 2.8, respectively. Therefore, in male and female pups, no significant difference in the body weight gain ratio was observed among the three groups. At the end of the self-selection period, the body weight of male and female pups nursed by dams fed the LFD was lower than that of the other groups. One of the reasons for this finding was likely that, as pups of the LFD group needed a high energy density diet in order to increase their body weight, the pups of the LFD group spontaneously consumed a larger amount of the HFD than pups of the CTD group. Therefore, although the pups nursed by dams fed the LFD during pregnancy and lactation showed a strong preference for the HFD, they did not show preference for the HFDLE after weaning.
In male and female pups in Pair 1, the F ratio of the LFD, CTD and the HFD group after the second week of the self-selection period was calculated from the HFD intake ratio to be 37.4, 29.5 and 39.0%, respectively. Similarly, in male and female pups in Pair 2, the F ratio of the LFD, CTD and the HFD group was calculated from the HFDLE intake ratio to be 20.8, 22.3 and 32.7%, respectively. All these F ratios were higher than that of the CTD (17.1%). The plasma insulin concentration of dams fed the LFD and of their pups who nibbled their dam's diet was higher than that of the other groups. However, at the end of the self-selection period, no significant difference in plasma insulin concentration was observed among the three groups. Therefore, the selfselection diet appeared to prevent the increase in plasma insulin observed in dams and pups fed the LFD. It was assumed that the pattern of dietary selection of pups after weaning was related to the reduced plasma insulin concentration. It seems to be generally accepted that hyperinsulinemia does develop in rats fed high-carbohydrate diets while the basal plasma glucose level does not increase, mainly due to a loss of sensitivity to insulin with age together with high-carbohydrate ingestion (29) . Although glucose homeostasis may remain normal, insulin concentrations tend to increase with age. Namely, insulin resistance in peripheral tissues increases with age. Berthelier et al. demonstrated that a decrease in insulin sensitivity could take place early in development (30) . In this study, at the end of the suckling period, the average plasma insulin concentration in pups nursed by dams fed the LFD was already higher than that in pups nursed by dams fed the CTD and the HFD. Therefore, as pups become older, a highcarbohydrate diet may lead to insulin resistance. In conclusion, the choice of a high-ratio of the HFD in pups nursed by dams fed the LFD could be related to improved insulin sensitivity and might prevent the onset of insulin resistance in later life. The LFD group needed a high energy density diet to increase their body weight to levels approaching the other groups. Additional studies are required to validate this supposition and to describe the precise mechanism involved in this differentiation.
